Introduction
Multiple sclerosis (MS) is a frequently disabling disease of the central nervous system [1] . There is good evidence for complexity in the aetiology of MS, with both environmental and genetic influences on susceptibility. Smoking [2] , Epstein-Barr virus [3] and relative vitamin D deficiency [4, 5] have all been associated with increased susceptibility to MS. Cross-sectional studies of MS patients and their families [6] together with twin studies [7] have pointed to a genetic contribution to the MS risk. These data have been further supported by studies of adoptive relatives [8] , half-siblings [9] and offspring of conjugal pairs [10] . Definite association with the major histocompatibility complex (MHC) was described in the 1970s [11] . Linkage to HLA was confirmed through genomewide linkage studies in affected relative pairs [12] . Additional MHC and non-MHC loci have been identified through genomewide association studies and meta-analyses [13] [14] [15] [16] .
Despite these advances in genetic analysis, we still have an incomplete picture of the overall genetic architecture of MS susceptibility, as the identified associations only explain a small fraction of the familial aggregation of MS. Accurate estimates of family risk are required to estimate the scale of this fraction. Data from family studies in conjunction with known genetic associations and allele frequencies can be used to measure the strength of genetic contribution to MS risk and estimate the total number of genes involved. Accurate estimates of family risk can guide gene-finding studies and help interpret the significance of candidate genes identified [17] .
Whilst a number of large recurrence risk studies have been conducted in MS, there has been a large variation in estimated values for sibling relative risk ( S ), a widely used measure of genetic contribution to susceptibility. Estimates of risk to more distant relatives have been more problematic due to the low frequency of recurrence and variability in the estimation of population prevalence.
With the aims of more accurately defining estimates of recurrence risk for each class of relative and determining the possible patterns of inheritance of susceptibility alleles [18] , we have undertaken a systematic meta-analysis of published recurrence risk data. We have used these data to calculate relative risks for each class of relative ( R ) [19] . We have gone on to use these data in a segregation analysis to establish the most likely underlying genetic model for MS and examine the potential influence of environmental factors. We have also used these data to estimate the heritability of MS and the extent to which the currently defined associated loci might explain this heritability.
Methods

Identification of Family and Twin Studies
Articles were located through a search of PubMed (1964 to present), the Cochrane library, CINAHL (Cumulative Index to Nursing and Allied Health Literature) and Google scholar, using the term 'multiple sclerosis' in combination with the following, limited to title and abstract: 'family study', 'inheritance', 'recurrence risk', 'sibling', 'conjugal', 'consanguineous', 'half-sibling', 'half-sib', 'half-sibs', 'avuncular', 'adopted', 'adoptee', 'twin' and 'twins'. References were checked to identify other eligible studies. Foreign language articles were included if their abstract was in English. Studies were included if they were a systematic collection of affected and unaffected relatives in families of MS probands. Studies were required to have defined MS cases using standard criteria of the time [20] [21] [22] [23] . All studies used proband identification of suspected cases within families either face to face or by postal questionnaire. Affected cases were confirmed through clinical examination where possible or by reference to a national register (if available), examination of medical records and death certificates, or where no records could be traced, the related history of the clinical condition and judgement of the investigator, with only classical histories being accepted.
Studies were excluded if insufficient data were provided to recalculate crude risks to relatives, or if only a single pedigree was described. Where a population had been studied repeatedly, the most recent data were used. For twin studies, additional exclusion criteria were: if zygosity had not been determined by a valid clinical or genetic method [24, 25] , and if only one monozygotic (MZ) or one dizygotic (DZ) twin pair was described.
Determination of Population Lifetime Risk
Contemporaneous and geographically relevant prevalence studies using the Schoenberg-Kurtzke definition [26] were identified for each family or twin study. Lifetime prevalence data from the original study were utilised when these were provided or were calculated using a novel variation of the modified Strömgren method [27] (see below) using temporal and region-specific ageof-onset and census data. Where age-of-onset data for a population were unavailable, an average of all available datasets was used.
Conventional weighting in meta-analysis would reflect the size of the prevalence study used in addition to the size of the family study. Given the much greater size of population prevalence studies, age-adjusted data for population frequencies of MS were entered as cases per 100,000 to ensure that the 95% confidence interval (CI) estimates for reflect the relative precision of the family study and were not overly influenced by the population data.
Determination of Age-Adjusted Risks for Relatives
Where quoted, age-adjusted risks (AAR) for relatives have been used. To include data from relatives where this had not been provided, an estimated AAR was calculated using a variation of the prior age-of-onset approach and modified Strömgren method [28] . In the original method, relatives are stratified by age, and the number in each stratum is adjusted with reference to the age-ofonset distribution of MS for the population. Lifetime recurrence risks are estimated by dividing the number of affected relatives (numerator) by the adjusted number of at-risk relatives (the adjusted denominator). A modifier was derived for the overall age adjustment for each relative group based on studies where age adjustment had been performed. A weighted average of this modifier was used to derive AAR where these data were lacking. In the case of data for Queensland and Tasmania where age adjustment had not been performed in more distant relatives, we used a further modification of this method based on the estimated mean age of these relatives and local age-of-onset data.
In order to ensure consistency between studies, we used Grubbs' [29] test to look for outliers in age-adjusted modifiers. Statistically significant outliers (p ! 0.05) were rejected and crude risks were age adjusted according to the procedure outlined above. As a check of ascertainment for more distant relatives, we have used a novel comparison of observed fertility rates between aunts/uncles and parents. Because parents are selected on the basis of their affected offspring being identified as a case, it is necessary to correct for the estimated cohort lifetime fertility rate in the population (taken as the proportion of women above the age of 45 years who have had at least one child). Ratios of fertility rates (mean number of offspring) in aunts/uncles versus parents were compared with the expected value of 1.0 using 95% CI based on adjusted offspring number (numerator) rather than adjusted parent number (denominator) to provide conservative estimates.
Determination of Risks for Twins
Pairwise and probandwise risks to twins were calculated. Probandwise concordance rates represent the probability that a twin in a pair is affected given that his/her co-twin is affected [30] . This probability is estimated by the proportion of all probands that belong to concordant pairs and is directly comparable to the recurrence risk for relatives calculated in family studies. All probands are assumed to be singly ascertained, unless the study spe-cifically stated otherwise, or gave a probandwise risk derived from doubly ascertained cases. For probandwise concordance risks, 95% CI were calculated [31] .
The mean age of twins in each study was compared to available age-of-onset data for the relevant country and an appropriate modifier calculated to give an age-adjusted pairwise risk. For probandwise risks, the modifier was applied to singly and doubly ascertained pairs separately.
Determination of
The relative risk ( ) to any class of relative can be estimated as: risk to relative divided by population risk [19] . For this analysis, AAR were compared to lifetime population prevalence to calculate relative risks for each class of relative in each study. The resulting values were combined in a meta-analysis using Review Manager [32] on the log scale. Mantel-Haenszel weighting was used to obtain random-effect estimates for . Heterogeneity between studies was assessed with calculation of 2 and I 2 [33] , and the construction of funnel plots of against standard error, generating plots most useful to assess possible bias in studies of similar size [34] .
Formulas developed by Risch [18] were used to calculate expected relative risks for various classes of relatives under various models of the genetic architecture of MS. To estimate the total proportion of S that can be explained by confirmed MS susceptibility loci i , the formula to calculate locus-specific sibling relative risks Si was used, which makes an assumption of multiplicativity [35] . Then, the proportion of S explained by these confirmed loci is [ ⌺ log( Si )]/log( S ). Relative risks were estimated from the large IMSGC/WTCCC2 genomewide association study [16] , and allele frequencies were taken from one of the largest control populations in this study, the 1958 UK Birth Cohort [16] .
Determination of Heritability
We have utilised standard estimates of broad sense heritability [36] with modifications for estimates of the regression coefficient of liability [30] , which allow for estimation of confidence limits [30] .
Determination of Latitude
Latitudes for individual studies were based on the geographical centre for the region studied using the SEDAC (Socioeconomic Data and Applications Centre) website [37] . In the case of Canada, because of the marked unevenness of population distribution, the estimated population centre was used [38] . Where individual cities were surveyed, the latitude was taken as the geographical centre of the city or an average where multiple centres were surveyed. To assess for interaction between recurrence risk and latitude, we have used linear regression analysis with each study weighted by the inverse of the variance of the recurrence risk estimate for that study. Studies with either 0 cases or ! 30 total relatives were excluded.
Results
Data Collection
Initial literature search located over 500 studies. Application of exclusion criteria resulted in 18 eligible family and twin studies (online suppl. tables 1 and 2; for all online supplementary material, see www. karger.com/doi/10.1159/000341902) [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] .
Age-Adjusted Risks
Generational analysis of modifiers derived from studies that supplied AAR revealed outliers in three classes of relatives (offspring, aunts/uncles and cousins) for one study (online suppl. table 3) [50] and these were therefore recalculated.
Risks to Relatives
The pairwise risks for MZ and DZ twin pairs for all included studies are summarised in table 1 (see also online suppl. table 4). The overall female:male ratio for index cases amongst same-sex twin pairs, where these data were available, was 2.6: 1, which is consistent with contemporaneous estimates of gender distribution of MS in the general population [58] . The DZ/MZ ratio was 1.75 for all pairs and 0.95 for same-sex pairs, indicating that MZ pairs accounted for the expected one third of twin pairs [59, 60] . The mean age of twins (where these data were provided) was 50 years indicating that most subjects studied were likely to have been born prior to the introduction of in vitro fertilisation in the 1970s, which has seen a dramatic increase in the frequency of DZ twins [61] .
The age-adjusted probandwise risks for twins and comparable AAR for all relative types are given in table 2 (see also online suppl. table 5). The expected drop-off in risk with lessening degrees of relatedness is observed. As has been noted previously, the risk for parents and offspring is lower than the risk for siblings. In this analysis, the difference between sibling and parent risks was significant. Figure 1 combines the present results with previously published data for risks in less common relative pairs [adoptees [8] , half-siblings [9, 62] , step-siblings [63] , affected sibling and one affected parent (parent-child) [64, 65] and two affected parents (conjugal pairs) [10, 66, 67] ; see also online suppl. table 6]. The recurrence risk for offspring of affected conjugal pairs is identical to that for MZ twins, albeit with wide CI, which is to be expected under a multi-factorial threshold model.
The meta-analysis estimates of for all family relatives from studies meeting the inclusion criteria are shown in figure 2 . The level of heterogeneity ( 2 ) exceeded the 0.1 threshold in most relative types [68] , and therefore random-effect models were applied. Funnel plots for each type of relative did not show any evidence of publication bias (online suppl. fig. 1 ).
Segregation Analysis
The resulting combined values for all relatives are given in table 3 . The pooled estimate for S was 16.8 (95% CI 14.0-20.3). The estimates for in twins, both MZ and DZ, were lower than those that have been previously generally quoted, but the risk for DZ twins (29.6) remains approximately 4 times lower than for MZ twins (116.5) and is close to the sibling risk, with CI that overlap. The other striking feature is that for cousins is only slightly lower than the combined figure for the risk in seconddegree relatives. In three studies, the ratio of mean family size for aunts/uncles versus parents was significantly below the expected value of 1.0, which suggests significant underreporting of total cousin numbers in these studies (online suppl. Step-sibling Table 3 also shows a comparison of the observed data with 10 different models of heritability in a segregation analysis, with each model constrained to match the observed s . It is evident that a recessive single locus model can be discounted on account of the low MZ twin risk. Of all the models tested, the model with one locus of moderate effect ( _1o = 4.0) plus an infinite number of small loci is the closest fit (model V). However, other models of one or several loci of low-to-modest effect also fit well. When the three studies with evidence of underreporting of total cousin numbers are removed from the analysis, the age-adjusted recurrence risk in cousins falls to 0.58% (95% CI 0.48-0.69%) and 3 is lowered to 3.90 (95% CI 3.10-4.91). However, 95% CI for this amended remain above the predicted values for any of the likely genetic models.
Environmental Effects
We have explored the effect of latitude on the recurrence risk. Figure 3 shows each relative group. These data show a consistent trend to an increasing risk with increasing latitude except in offspring and nieces/nephews. These data are similar to a previous study comparing recurrence risks in twins against latitude [44] . The trend seems to be greatest for parents and aunts/uncles with a reversal of the slope for offspring and nieces/nephews, hinting that this may reflect an age-dependent effect. However, it should be noted that only the regression coefficient for recurrence risk in parents against latitude was statistically significant (p = 0.048). When values for are plotted against latitude, no trend is observed indicating that the risks within families rise proportionally with the population risk as latitude increases ( fig. 4 ; online suppl. When individual twin studies are analysed and heritability is plotted against latitude, a clear pattern of decreasing heritability with decreasing latitude is seen ( fig. 5 a; online suppl. table 9) . The relevant population prevalence figures are also seen to decline with decreasing latitude ( fig. 5 b) .
Discussion
We have conducted a meta-analysis of available recurrence risk data for MS. This analysis provides accurate recurrence risk data for a wide range of relative groups with narrow confidence limits, which will be of value [18] : I = Single locus (recessive); II = infinite loci, small effect; III = _1o = 2.0 + infinite; IV= _1o = 3.0 + infinite; V = _1o = 4.0 + infinite; VI = _1o = _2o = 2.0 + infinite; VII = _1o = _2o = _3o = 2.0 + infinite; VIII = _1o = 1.3 + infinite; IX = _1o = 1.3 _2o = 1.019 + infinite; X = _1o = _2o = _3o = 1.3 + infinite.
1 Models constrained to match the estimated S .
when counselling people with MS and their families. The present data indicate that there is little difference in genetic risk (as measured by ) across latitude and that the genetic risk in these populations of predominantly European ancestry is relatively constant. It is therefore entirely appropriate to meta-analyse estimates for . This finding argues against any significant gene-environment interaction acting at the population level with regard to latitude. However, this does not discount the possibility of individual gene-environment interactions. It should be noted that due to the variability and temporal separation of some prevalence figures from the family studies the accuracy of individual values must be viewed with caution. However, the meta-analysed figure does come with narrow confidence limits, and in the absence of any hidden systematic bias it is likely that these random variations will be negated within the combined result. The funnel plots of values do not suggest any consistent bias (online suppl. fig. 1 ). The finding of a higher risk in siblings when compared with both parents and offspring, and also in half-siblings compared with aunts/uncles and nieces/nephews, suggests that there is a temporal, within-family environmental factor (e.g. epidemic infection). The fact that the ratio of M is more than twice the D makes a single locus genetic model very unlikely [18] . The overall estimate for S was 16.8, which is towards the lower end of previously quoted estimates [69] . Our overall estimate of genetic heritability in MS was 54%.
The segregation analysis is consistent with the available genomewide association screening data for MS indicating that there is a single locus of moderate effect [ HLA-DRB1 odds ratio (OR) = 3.2 for HLA-DRB1 * 15: 01 allele, allele-specific S ; 1.37] with 56 other loci of modest effect identified thus far (OR 1.1-1.3, locus-specific S 1.001-1.02). The patterns of familial aggregation seen do not discount the possibility of a second major locus of S ; 4.0. Indeed, such a locus would go some way to explaining the unexpectedly high risk seen in cousins. However, the failure of well-powered genetic studies to detect such a locus makes the existence of such a gene in MS unlikely [16] .
We have estimated the overall contribution of the known MS loci to the genetic risk of MS to be 18-24%. Thus, there are probably many more genetic associations still to be discovered in MS (for example ϳ 1,500 variants with a frequency of 0.2 each conferring a relative risk of 1.1 are required to explain the remaining S ). This calculation ignores the contributions of recessive alleles, shared environmental effects and gene-gene interactions. However, to date, there is no strong evidence of gene-gene interaction in MS susceptibility [16] . A recent analysis of genomewide association data has estimated the number of MS-associated loci to be in the order of 350 [70] .
We have demonstrated that for all relatives in the adult age range there is consistent evidence for a latitudinal gradient in the recurrence risk. This relationship is directly proportional to the population risk at these latitudes. This finding provides strong evidence for a true latitudinal gradient in MS prevalence, as these withinfamily studies are less prone to bias from population models of health care due to the high baseline level of suspicion, and the denominator can be more accurately ascertained. The absence of a latitudinal gradient in recur- rence risks to younger generations (offspring and nieces/ nephews) suggests that the emergence of disease in these younger groups is more likely to be genetically determined and is less dependent upon environmental risks. There is some evidence for this from genetic studies of HLA which have demonstrated an association between younger age at onset and the HLA DRB1 * 15: 01 allele [71] . The obvious candidate for the latitudinally dependent risk factor is relative vitamin D deficiency [72, 73] . Two of the loci identified as being associated with susceptibility to MS contain genes involved in vitamin D metabolism ( CYP27B1 and CYP24A1 ) [13, 16] , and vitamin D is known to interact with the promoter sequences of a number of MS-associated genes [74] .
The variation in recurrence risks for twins has been noted previously [44] , and some authors have concluded that this variability makes it impossible to combine twin study data [75] . This variation is readily explained by the variation in heritability with latitude through the effect of population prevalence [76] .
The fact that DZ twin rates are higher than for siblings also suggests a temporal environmental risk factor or potentially an intrauterine effect. A relationship between risk of MS and month of birth has been noted [77] , but it is unlikely that this is of sufficient scale (OR ; 1.2) to explain the observed difference. Concurrent exposure to infection is a more likely explanation. The final anomaly which requires explanation is the relatively high recurrence risk for cousins. This rate is higher than can be explained by any of the likely genetic models. It has been suggested that this may be the result of a systematic bias in reporting of cases through the female line within families or may represent a true excess of female-to-female transmission [78] . However, there is little evidence for this with more closely related family members [64] , and cousins are the group most likely to suffer from overreporting of affected cases and underreporting of the total number of cousins. There was evidence for the latter in three of the studies used in this meta-analysis.
In summary, the available recurrence risk data for MS are consistent with a polygenic model of inheritance involving one locus of moderate effect and many more of modest effect with perhaps one fifth to one quarter of the heritability being accounted for by the known loci. Genetic contributions to susceptibility appear to be stable across latitudes and in differing ancestral groups. Risks to relatives rise proportionately with increasing population prevalence as seen at higher latitudes. Thus, caution should be applied when using these overall figures at latitudinal extremes where local data may be more appropriate. The possibility that genetic factors may predominate over environmental factors in earlier-onset disease is suggested by the finding of a latitudinal gradient effect on recurrence risks in older relatives only.
